ABSTRACT The identification and utilization of potential candidate genes for QTL with significant effects on economically important traits are becoming increasingly important in poultry breeding programs. Chicken insulin-like growth factor binding protein 1 and 3 and signal transducers and activators of transcription 5B (STAT5B) genes are 3 essential nodes for signaling pathways and gene networks of growth and reproduction. The pooled DNA sequencing approach was used for identification of 9 SNP of the 5′ upstream region of the 3 genes. A total of 826 individuals from Beijing You chicken were genotyped for 5 SNP using a modified PCR-RFLP method and the association with chicken growth and reproductive traits was studied using the GLM procedure. The T56039403C (T-808C) SNP of the insulin-like growth factor binding protein 1 gene was associated with BW at 10 wk of age (P = 0.0061), and the C56072547T (C-968T) SNP of the insulin-like growth factor binding protein 3 gene was associated with BW at 8 and 10 wk of age (P = 0.0056 and P = 0.0016, respectively). The C4535156T (C-1591T), G4533815A (G-250A), and G4533675C (G-110C) SNP of the STAT5B gene were associated with age at first egg (P = 0.0143, P = 0.0088, and P = 0.0114, respectively). Moreover, Lewontin's D′ (|D′|) and r 2 of C4535156T and G4533815A SNP, C4535156T and G4533675C SNP, and G4533815A and G4533675C SNP of the STAT5B gene were 0.939 and 0.852, 0.967 and 0.858, and 0.971 and 0.896, respectively. The 3 SNP were strong-linked with each other and lay within a haplotype block. Our results suggest that these SNP were significantly associated with early growth or with sexual maturation in chickens, or both, and may be potential molecular markers for MAS.
INTRODUCTION
Growth and reproduction that are under the control of multiple genes are the 2 most economically important characteristics for the poultry industry. Integrating emerging technologies, identifying the related genes, and uncovering the molecular mechanisms governing their activity will provide an opportunity for more efficient selection for growth and reproductive performance in chickens (Williams et al., 2002; Andersson and Georges, 2004; Soller et al., 2006) . The QTL mapping for chicken growth and reproductive traits such as BW and age at first egg was widely studied in the past decade (Abasht et al., 2006; Hu et al., 2007) . The identification and utilization of potential candidate genes for QTL with significant effects on economically important traits are becoming increasingly important in animal and plant breeding programs. Moreover, with the gradual progression of genetic genomics to systems genetics, candidate signaling pathway and gene networks linked to rich sources of biological annotation may be an attractive strategy to search for candidate QTL genes (Korstanje and Paigen, 2002; Borevitz and Chory, 2004; Kadarmideen et al., 2006; Beyer et al., 2007) .
The insulin-like growth factors (IGF) play essential roles in cell growth, metabolism, differentiation, proliferation, and survival under different physiological conditions. The IGF binding protein (IGFBP) superfamily includes 6 distinct high-affinity binding proteins, from IGFBP1 to IGFBP6. The 6 IGFBP can act as modulators by either enhancing or inhibiting the activity and bioavailability of IGF (Firth and Baxter, 2002) . The biological functions of the IGF system in birds have been found to include stimulation of growth, protein synthesis, cell differentiation, and regulation of ovary development (McMurtry et al., 1997; Yun et al., 2005; Li et al., 2006) .
Signal transducers and activators of transcriptions (STAT), consisting of 7 members, are a family of cytoplasmic proteins that are involved in the signal transduction pathways of numerous cytokines, growth factors, and hormones (Darnell, 1997; Levy and Darnell, 2002) . They participate in a series of cellular processes such as cell growth, differentiation, survival, and apoptosis. The STAT5 proteins, including STAT5A and STAT5B, which are 96% similar at the amino acid level, are the important modulators of the growth hormone, growth hormone receptor, IGF, prolactin, and insulin signaling pathways, which are involved in growth, reproduction, lactation, and metabolism (Bachelot and Binart, 2007; Pilecka et al., 2007; Hennighausen and Robinson, 2008) .
The chicken IGFBP1 and IGFBP3 genes were localized to the growth QTL regions on chromosome 2, which may affect white meat percentage and other growth traits (Tatsuda and Fujinaka, 2001; McElroy et al., 2006; Park et al., 2006) , and furthermore, chicken IGFBP1, IGFBP3, and STAT5B genes are 3 essential nodes for the signaling pathways and gene networks of growth and reproduction (Kanehisa and Goto, 2000; Cogburn et al., 2003; Kuhn et al., 2008) . Hence, the IGFBP1, IGFBP3, and STAT5B genes may be investigated as potential candidate genes for QTL. However, few studies on association with growth and reproduction have been reported in chickens. In this paper, our objectives were to explore the association of the 3 genes of the neuroendocrine growth axis on growth or reproductive traits, or both, in chickens.
MATERIALS AND METHODS

Chicken Populations and Phenotypic Traits
A total of 826 individuals from Beijing You chicken, including 316 males and 510 females, were developed by crossing 29 sires and 224 dams, which were reared in cages under the same conditions. Nine growth traits [BW at hatch (BW0), 8, 10, 13, 17, and 
Discovery of Polymorphisms and Genotyping
Genomic DNA was extracted from blood samples by TIANamp Blood DNA Kit (Tiangen Biotech Co. Ltd., Beijing, China). Each DNA pool was constructed from 30 chicken samples containing 100 ng of DNA from each individual. Polymerase chain reactions were performed in a total of 25 μL, which included 2 μL of pooled DNA, 5 mM of each primer, 200 μM of each deoxynucleoside triphosphate, 2.5 μL of 10 × PCR buffer, and 1.5 U of Taq DNA polymerase (Takara Biotechnology Co. Ltd., Dalian, China). The normal reaction conditions were as follows: 95°C for 5 min, followed by 34 cycles of 94°C for 30 s, annealing from 50 to 60°C for 45 s, 72°C for 50 s, and a final extension at 72°C for 5 min. Polymerase chain reaction products of the pooled DNA samples including each 2-kb fragments of the 5′ upstream region of chicken IGFBP1, IGFBP3, and STAT5B genes were sequenced, respectively, and SNP were identified by sequence traces.
For individual genotyping, 5 pairs of primers were designed using Oligo6.0 and primer-introduced restriction analysis software available online (http://cedar. genetics.soton.ac.uk/public_html/primer2.html; Ke et al., 2001 ). The PCR products were digested with restriction enzymes and the digestion products were electrophoresed on a 4% agarose gel stained with ethidium bromide (Ota et al., 2007) .The primers are shown in Table 1 . 
Analysis of the 5′-Upstream Sequence
On the basis of Ensembl GeneSeqView (http://www. ensembl.org/Gallus_gallus/gene), sequences of IG-FBP1, IGFBP3, and STAT5B genes were retrieved in chickens. The DNA sequencing chromatograms of the 2-kb fragment of the 5′ upstream region from the 3 genes were used to confirm the correct sequence and size. Potential transcription factor binding sites of the 5′ upstream region of 3 genes were analyzed by the Web site http://molsun1.cbrc.aist.go.jp/research/db/ TFSEARCH.html and with 85% similarity as a threshold.
Statistical Analysis
The above 5 SNP allele and genotype frequencies for the Hardy-Weinberg equilibrium test were estimated and tested by using the ALLELE procedure in SAS/ Genetics 9.1.3 (SAS Institute, Cary, NC). The linkage disequilibria D′ value and r 2 of the 5 SNP were estimated by Haploview (Barrett et al., 2005) . With the GLM procedure in SAS 9.1.3 software, the associations between SNP of the 3 genes and chicken growth and reproductive traits were respectively analyzed using the following models:
where Y was the dependent variable, μ was the overall mean, S was the fixed effect of sex, G was the fixed effect associated with the genotype, F was the fixed effect of sire, M (F) was the fixed effect of dam nested within sire, BW0 and BWAFE were covariables, and e was the random error. The data were presented as probability values and least squares means ± SEM. The significant differences of least squares means were tested with Duncan's multiple range tests, and a P-value of ≤ 0.05 was considered statistically significant.
RESULTS
Identified SNP and Allele and Genotype Frequencies
Nine SNP of 5′ upstream region of chicken IGFBP1, IGFBP3, and STAT5B genes were identified by the pooled DNA sequencing and sequence traces. Of them, 5 SNP were examined for associations with traits. These 5 SNP, their corresponding frequencies of allele and genotype, and P-values for the Hardy-Weinberg equilibrium test are presented in Table 2 . The result showed that these 5 SNP were in Hardy-Weinberg equilibrium (P > 0.05). Genotype frequencies of TC (T56039403C), CC (C56072547T), CT (C4535156T), GA (G4533815A), and GC (G4533675C) were the highest for 0.5273, 0.4757, 0.4747, 0.4982, and 0.4914, respectively.
Linkage Disequilibrium of SNP
Linkage disequilibrium (LD) of the 5 SNP were measured by Lewontin's D′ (|D′|) and r 2 with Haploview version 4.1 software. Lewontin's D′ (|D′|) and r 2 of C4535156T and G4533815A SNP, C4535156T and G4533675C SNP, G4533815A and G4533675C SNP of the STAT5B gene were 0.939 and 0.852, 0.967 and 0.858, and 0.971 and 0.896, respectively. When r 2 is higher than 0.3, two loci are considered in LD, and when r 2 is higher than 0.6, two loci are considered in strongly LD (Ardlie et al., 2002) . Moreover, 1 haplotype block has been defined as 3 or more markers for which all estimated values of |D′| exceeded 0.9 (Phillips et al., 2003) . The results indicated that the 3 SNP of the STAT5B gene were strong-linked with each other and lay within a haplotype block; thereinto, the G4533815A SNP was tagSNP. In addition, D′ and r 2 of T56039403C and C56072547T SNP of IGFBP1 and IGFBP3 genes were 0.949 and 0.465, respectively, and the 2 SNP were in LD. 
Trait Associations and Effects of SNP
Trait associations (P-values) and effects (least squares means) of the 5 SNP with growth and reproductive traits are shown in Table 3 . The C56072547T and T56039403C SNP of the IGFBP3 and IGFBP1 genes were significantly associated with BW at 8 or10 wk of age, or both weeks of age (P = 0.0056 and P = 0.0016, P = 0.0061, respectively). The C4535156T, G4533815A, and G4533675C SNP of the STAT5B gene were associated with age at first egg for P = 0.0143, P = 0.0088, and P = 0.0114, respectively. At the same time, the G4533675C SNP was associated with BW at 8 wk of age (P = 0.0319).
There were higher (P < 0.01) BW at 8 or 10 wk of age, or both, in the birds that were of the CC genotype of the C56072547T and T56039403C SNP than those of the TT and TC genotypes. There were higher (P < 0.05) BW at 8 wk of age that were of the GG genotype of the G4533675C SNP than those of the GC and CC genotype. There were shorter AFE (P < 0.01) in the birds that were of the TT genotype of the C4535156T SNP than those of the CC and CT genotypes, of the AA genotype of the G4533815A SNP than those of the GG and GA genotypes, and of the GG genotype of the G4533675C SNP than those of the GC and CC genotypes.
Analysis of the 5′-Upstream Sequence
By sequencing analysis, we also checked whether there are any transcriptional binding sites on these SNP and found the transcription factor response elements associated with 3 SNP, including T56039403C, C56072547T, and G4533815A, the homeodomain factor (Nkx-2.5) identified on T56039403C and C56072547T, and cyclic adenosine monophosphate response elementbinding proteins (CREB) on G4533815A SNP.
DISCUSSION
It is known that the neuroendocrine growth axis is involved in the activity of many hormones, cytokines, and chemokines and their receptors play crucial roles in the regulation of animal growth, reproduction, immunity, and metabolism. At present, it has become a hot topic in research to probe into balanced selection and breeding for growth, reproduction, immunity, and metabolism in chickens for optimum performance. Combining the relative information with comparative omics (such as genomics, transcriptomics, proteomics, and metabonomics), physiological functions, mapping and fine mapping of QTL and expression QTL, signaling pathways, and gene networks, the method of the candidate gene approach is becoming increasingly economical and effective in finding candidate QTL gene and quantitative trait nucleotides with significant effects on economically important traits (Kanehisa and Goto, 2000; Cogburn et al., 2003; Zhu and Zhao, 2007; Kuhn et al., 2008) . According to the above integration strategies, the IGFBP1, IGFBP3, and STAT5B genes were effectively selected and used to study the association with growth and reproductive traits in chickens.
As the main component of gene expression regulation, the 5′ upstream region plays an important role in affecting the phenotypes of traits (Liu et al., 2006) . In this study, 5 SNP selected from 9 SNP of the 5′upstream region of the 3 genes were associated with growth or reproductive traits, or both, in chickens. The results showed that these 5 SNP were in Hardy-Weinberg equilibrium Means within a row with no common superscript differ significantly (P < 0.05).
A,B
Means within a row with no common superscript differ significantly (P < 0.01). 1 BW 8 = 8 wk of age; BW 10 = 10 wk of age; AFE = age at first egg. *P < 0.05; **P < 0.01. and were linked significantly with chicken growth or reproductive traits, or both. The 2 SNP of the IGFBP1 and IGFBP3 gene were significantly related with BW. The 3 SNP of the STAT5B gene were associated with AFE. Meanwhile, the 3 SNP of the STAT5B gene appeared to be strongly linked with each other and lay within a haplotype block because their D′ (|D′|) and r 2 statistics were higher than 0.93 and 0.85. Moreover, STAT5B was activated by differentiation-dependent transcriptional regulation of distinct cytokine signaling pathway components and mediated distinct functional processes in the rat ovary for early follicle growth, atresia, and luteinization (Russell et al., 1996; Dajee et al., 1998) . Hence, our findings in the present study implied that the chicken STAT5B gene may affect sexual maturation of chicken by regulating ovary development. In addition, we found that the G4533675C SNP of the STAT5B gene was related to growth traits besides reproductive traits, indicating such polymorphism might provide the basis for balanced selection and may be used in MAS to improve growth and reproductive production simultaneously.
In the current study, 2 kinds of the transcription factor response elements were identified that included Nkx-2.5 and CREB proteins. It has been found that Nkx-2.5 plays critical roles in regulating tissue-specific gene expression and induces chicken cardiac myocyte differentiation in tissues (Schultheiss et al., 1995; Harris et al., 2006) . Cyclic adenosine monophosphate response element-binding protein, which binds to the cyclic adenosine monophosphate response elements and increases or decreases the transcription of genes, is critical in a variety of cellular processes such as cell proliferation, differentiation, and adaptive responses in chickens (Sirotkin and Grossmann, 2003; Kim et al., 2005) . The presence of Nkx-2.5 and CREB protein binding sites suggested the possible transcriptional regulation of the chicken IGFBP1, IGFBP3, and STAT5B genes by Nkx-2.5 and CREB proteins. The association studies might provide the basis for uncovering the molecular mechanisms of the 3 genes on growth and reproduction performances.
Recently, numerous QTL have been detected in chickens using different DNA markers. Several QTL for growth are located on GGA2 or GGA7, which contain chicken IGFBP1 and IGFBP3 genes or IGFBP2 and IGFBP5 genes, respectively, and may affect white meat percentage and other growth traits (Tatsuda and Fujinaka, 2001; McElroy et al., 2006; Park et al., 2006) . In the present study, our results were consistent with the former that focused on QTL mapping on GGA2, which indicated that chicken IGFBP1 and IGFBP3 genes should be important candidate genes for chicken growth.
In the current study, the pooled DNA sequencing approach, which proved to be a powerful SNP discovery tool, was used for the effective identification of 9 SNP of the 5′ upstream region of the chicken IGFBP1, IG-FBP3, and STAT5B genes (Amos et al., 2000; Ye et al., 2006) . By using DNA pooling as an initial screening process combined with modified PCR-RFLP, researchers can be more specific for candidate genes analysis and can then reduce labor time and costs (Ke et al., 2001; Zhang et al., 2005) .
In summary, association of the 5 SNP from the 3 genes with chicken growth and reproductive traits was analyzed in the present study. These SNP were found to be significantly associated with early growth or with sexual maturation in chickens, or both. Therefore, in conclusion, the genes of the neuroendocrine growth axis not only affected chicken growth but also were associated with reproductive traits.
